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Abstract—This paper presents a novel closed-loop current-
control strategy for a hybrid 12-pulse rectifier that uses a two-
switch boost stage for output-voltage regulation. Unlike previous
attempts to mitigate input-current distortion, e.g., by modulat-
ing the rectifier output voltage with open-loop control, this new
closed-loop current-control scheme directly controls the line-
interphase-transformer input voltage and/or impresses sinusoidal
input currents. In this paper, the control strategy is explained
and the modulation functions for each (7/6)-wide mains volt-
age sector are derived. The hardware implementation is described,
and experimental results demonstrate that the control strategy
ensures a high-quality input current for ideal as well as for dis-
torted/unbalanced mains.

Index Terms—I12-pulse rectifier, closed-loop current control,
space-vector modulation.

1. INTRODUCTION

OR the coupling of drive systems to the three-phase on-

board mains of future More-Electric Aircraft (MEA) rec-
tifier systems of high-input-current quality are required in order
to avoid a distortion of the mains voltage or a disturbance of
sensitive flight-control equipment. Their passive systems with
higher pulse number or active systems, i.e., pulsewidth mod-
ulation (PWM) rectifiers with regulated input current can be
employed. Remarkably, due to the high mains frequency in the
range of 360—800 Hz, the missing electromagnetic interference
(EMI) filter, and the low cooling effort and/or high efficiency,
12-pulse diode-rectifier units without galvanic isolation, i.e.,
with mains-side phase-shift autotransformers (also denominated
as mains-side line interphase transformer, LIT) achieve simi-
lar power densities than active systems operating at medium
switching frequencies [1]. Furthermore, passive systems have
a higher pulse-load capability and a significantly lower com-
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plexity. For multipulse rectifiers, no EMI filter is required as
low-frequency harmonics are eliminated by mutual cancella-
tion and not by high-frequency switching. Accordingly, there
are no switching-frequency harmonics that would have to be at-
tenuated by low-pass EMI filters. This also avoids a capacitive
phase displacement of input current and mains voltage and/or
a low power factor at partial load or high mains frequencies
(800 Hz). Such phase displacement is caused by the capacitors
employed in EMI filters and, in principle, cannot be compen-
sated by unidirectional PWM rectifier systems.

A general classification of 12-pulse rectifier concepts is
shown in Fig. 1, where in-view of low harmonic distortion of the
input current and/or low effects on the mains-extended circuit
topologies are of special interest. There interphase reactors or
transformers and diodes are used on the dc side for increasing the
pulse number from 12 to 24, while maintaining the conventional
ac-side circuit topology. Due to the relatively low rated power
of the additional inductive components, the overall realization
effort, thereby, is still mainly determined by the basic 12-pulse
structure. Accordingly, in contrast to conventional 24-pulse cir-
cuits, only two instead of four diode bridges and transformers
have to be employed. Furthermore, by avoiding active switches,
a control circuit can be omitted, i.e., the extended system is still
characterized by a high robustness and low complexity.

Besides generating two-phase-shifted three-phase diode-
rectifier input-voltage systems, the characteristic mains side
A-A and a A-Y isolation transformer of 12-pulse systems is
commonly used for voltage adaption, such as for supplying the
28 V dc bus from the 115 V aircraft mains. Therefore, for sys-
tems of higher voltage and/or power, the isolation transformer
can be replaced by a phase-shift autotransformer that reduces
the rated power of the inductive components from ~1.0 to ~0.2
PO, and therefore, results in a significantly lower system weight
and volume.However, contrary to active rectifiers, the output
voltage of conventional and extended multipulse rectifiers is not
controlled. Accordingly, a supplied drive system has to be rated
for the lowest voltage resulting from mains voltage tolerances
and load-dependent variations of the dc voltage. This leads to
an oversizing of the drive inverter stage and drive motor. A
control of the dc voltage can only be achieved by introducing
active switches, and/or is only given for hybrid 12-pulse recti-
fier systems. Thereby, it is near at hand to utilize the increased
controllability for an increase in the pulse number also and/or
for an improvement of the mains current quality.

0885-8993/$26.00 © 2010 IEEE
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Classification of 12-pulse diode-rectifier systems. In each main category, purely passive, extended passive, and hybrid rectifier concepts have to be

distinguished. Extended and hybrid systems show a pulse number higher than 12; accordingly, the denomination as 12-pulse system is related only to the structure

of the ac-side part of the system.

Basically, as for passive 12-pulse systems, concepts with volt-
age or current output of the diode bridges have to be distin-
guished for hybrid autotransformer rectifier units (ATRUs) also.
Thereby, the current on the mains side is impressed by series
inductors, or the mains voltage is directly applied to the auto-
transformer input (cf., Fig. 2). The active switches are advanta-
geously employed on the dc side. This allows a replacement of
the passive smoothing and symmetrizing inductive components
by high-frequency voltage or current-impressing dc/dc convert-
ers of low volume and enables to control the dc output voltage
to a constant value. Furthermore, the voltage or current output
of the rectifier bridges can then be modulated such that a purely
sinusoidal mains current is achieved. Thereby, the complexity
of the control is still limited as ultimately only a dc/dc converter
function has to be implemented.

In [5], a hybrid multipulse ATRU with impressed diode-
bridge output current has been proposed. There the interphase
reactors required for a conventional ATRU to support the differ-
ence of the instantaneous diode-bridge output voltages and to
symmetrize the dc currents are replaced by current-impressing
dc/dc boost converters connected in parallel at the output side.
This facilitates a significant system size reduction and enables
output-voltage control. However, as the rectifier-bridge output
currents are controlled to a constant value, no higher pulse num-
ber is achieved. According to [6], an increase of the pulse num-
ber and/or ideal sinusoidal mains current shape of a 12-pulse
realization of the circuit topology shown in [5] can be obtained
for approximately triangular modulation of the dc current [cf.,
Fig. 2(a)]. Here, it is important to note that the triangular shap-
ing of the current could also be achieved by means of electronic
inductors [21] and/or electronic interphase reactors [22], which
would require a conversion of only a fraction of the total output
power. This would result in a relatively higher overall system ef-

ficiency as the main power conversion would be still performed
purely passive by the rectifier bridges. An according concept is
described in [7] for a conventional transformer-isolated 12-pulse
rectifier systems, but has not been analyzed for hybrid ATRU so
far.

For supplying a voltage-source PWM inverter stage, a hybrid
ATRU with direct voltage output is advantageous. In [4] with ref-
erence to [11], a corresponding concept comprising three active
switches per diode bridge connected to the output-voltage center
point has been proposed. The resulting three-level characteris-
tic of the diode-bridge legs leads to a 24-pulse behavior of the
overall system. An alternative hybrid concept formed by combi-
nation of two discontinuous conduction mode (DCM) rectifier
units [23] and a 12-pulse autotransformer is described in [3].
There, due to the immediate parallel connection of the diode
bridge outputs a single active switch is sufficient for constant
duty-cycle modulation of the rectified voltage. As for conven-
tional 12-pulse systems, the autotransformer is used for the can-
cellation of the fifth and seventh rectifier-bridge input-current
harmonics, which show a comparably high amplitude for low
values of the voltage-transfer ratio [24]. Due to the DCM, the
autotransformer and the ac-side inductors can be realized with
ferrite cores; however, on the other hand, an EMI filter of high
attenuation and/or large size is required [25] that limits the ap-
plicability of the circuit.

As shown in [2], a system of same topology can also be op-
erated in continuous conduction mode (CCM) with controlled
output voltage, in case conventional 12-pulse magnetic com-
ponents are employed.However, no improvement in the mains
behavior is thereby achieved compared to a conventional 12-
pulse ATRU. According to [26], a sinusoidal shaping of the
mains current can be achieved for CCM by arranging an active
switch at the output of each diode bridge [see Fig. 2(b)] and tri-
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Fig.2. Circuittopologies of hybrid 12-pulse ATRUs. (a) Impressed/modulated

diode-bridge output current and impressed ac-side voltage [2]. (b) Im-
pressed/modulated diode-bridge output voltage, ac-side current impressed by
series inductors [6]. Remark: Inductors with parallel axes are magnetically
coupled.

angular modulation of the switch duty cycle. Thereby, an output
voltage of approximately twice the value given for passive op-
eration is required. However, this is of no disadvantage for drive
systems of higher power. Furthermore, as compared to Fig. 2(a),
only a single boost diode is introduced into the output current
path that results in lower conduction losses. In case of only
open-loop control of the duty cycles d; and dy of 17 and 75, as
described in [2], the current shaping is only passive, i.e., mains
voltage distortions or asymmetries make direct influence on the
mains current shape and may lead to low-frequency harmon-
ics of large amplitude or to an unbalanced current consumption
of the phases. Accordingly, a closed-loop current control is re-
quired to ensure a sinusoidal input current in case of distorted
mains also. This also allows to control the output voltage to a
constant value.

In this paper, the closed-loop input-current control is dis-
cussed and analyzed, as well as measurement results for a sys-
tem with the specifications given in Table I are presented. In
Section II, the operating principle of the control concept that
is based on space-vector modulation, e.g., applied in [27] for
active PWM rectifiers, is explained and the derivation of the

TABLE I
SPECIFICATION OF THE 10-KW PROTOTYPE SYSTEM
Input Voltage Range 115V4 15% =~ 98 - 132Vrms
Input Frequency Range 360-800Hz
Input Inductor 188uH
LIT wa +wp :wy wp=29:21:8
Output Power 10kW
Switching Frequency 40kHz
Nominal Vpo 250V (Passive) / 520V (Closed Loop)

modulation functions is shown. The implementation of the con-
troller is described in detail in Section III. Experimental results
given in Section IV verify the theoretical considerations and
demonstrate the advantageous applicability performance of the
proposed concept.

II. SPACE-VECTOR MODULATION

For purely passive operation, i.e., switches .S, and S5 remain-
ing in the turn-OFF state, the system depicted in Fig. 2(a) shows
a typical 12-pulse input-current shape with a THD of 6.5%.This
12-pulse operation results due to the 30° phase shift of the input
voltages of the two rectifier stages, which is generated by the
LIT [28]. The LIT is assumed to have an ideal coupling of the
related windings in a first approximation in the following. The
influence of nonideal coupling is considered in Section III-D.

The ideal sinusoidal input currents of the two diode bridges,
which are phase-shifted by 30°, are shown in Fig. 3.Based on the
signs of the six sinusoidal currents g, ig,, and ig, (kK = 1, 2),
12 different sectors (0. . .11) are defined. There, e.g., in sector 0,
iR,» s, ,and ip, are positive and ir, , tg, and i1, are negative.
The zero crossing of ig, to positive values defines the beginning
of the subsequent sector 1.

With the currents of the rectifiers also, the conducting diodes
and the input voltages of the rectifiers are defined. In Fig. 4(a),
the voltages of the rectifiers are replaced by voltage sources,
which are split into zero-sequence voltages vy , and the re-
maining current-forming voltages in the three phases v, and
v,y (v = R, S,T). With the general definitions of voltage and
current space vectors and the zero-sequence quantities, the two
equivalent circuits shown in Fig. 4(b) and (c) can be derived.
There, voltages v,, , and v,,, and/or v,. determine the currents
flowing in phases R, S, and 7', and the zero-sequence voltages
Vg, determine the zero-sequence and/or common-mode (CM)
current as well as the circulating current, as will be discussed
later.

With the rectifier voltages, the rectifier input-voltage space
vector could be calculated by

2 2
u = 3 (URW +avs,y +a UTIN) M
2 2
Yy = 3 (sz.\' +avs,y +a UTz.\') (@
and with
a= ej271'/3.
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Current 7y p denotes the sum of the rectifier input currents of phase R, i.e.,
iNR = IR, tiR,-
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Fig. 4. (a) Schematic of the hybrid 12-pulse rectifier according to Fig. 2(a),
where the diode rectifiers and the switches are replaced by voltage sources.
By calculating the space vectors and the zero-sequence component of the volt-
ages and currents, (b) space-vector and (c) zero-sequence equivalent circuit are
derived.
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states, where both switches are turned off. Only three sectors, i.e., sectors 1-3,
as defined by the signs of the input currents of the two rectifiers (cf., Fig. 3), are
shown.

Based on these space vectors and the schematic given in Fig. 5,
the operation of the LIT is described in the following paragraph.

In sector 0, the input voltages of both rectifiers, and therefore,
also the space vectors are the same, so that the voltage difference
between the two rectifiers Avgi2, (v = R, S,T) (cf., Fig. 5)
is zero. With Avg1s,, = 0, the voltage Av,, p ,, across Lp , is
also zero, and the input-voltage space vector vy of the LIT at
nodes R/, S’, and T”, which is defined by

2

Yur = 3 (vrrny + aven + @’vriy) 3)

is equal to the input-voltage space vector of the two rectifiers,
as shown in Fig. 6. There, v () ; denominates the LIT input-
voltage space vector in sector 0.

In sector 1, the input-voltage space vector of rectifier 1
changes to v, ;7 due to the changing rectifier input-current
signs. Now, there is a voltage difference Avg;2, between the
two rectifier inputs, which is transferred to the nodes R/, S’, and
T’ by the LIT. In order to calculate the resulting input-voltage
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space vector of the LIT, first the transfer function of the LIT is
derived by setting up the mesh equation
wa

WA A 4
Swa + wh VR12 “4)

vt = U — Av,p +

where Avp,, is the space vector of voltages Avgiz, between
the two rectifiers. By assuming an ideal coupling of the related
LIT windings, the voltages Av,, 3, across the inductors L ,
can be expressed by

wpR
Avyp r = ———Avpia s
2wy +wp
wp
AUu:B,S = A'URlQ.T
2wy +wp
wp
Avypr = ——Avp12.R @)
2wy + wp

which reveals that the voltages are phase-shifted by 120°, due to
the cyclic-exchanged connections, i.e., the connection of Lg p
to L 7 and Ly p 7. With (5), the related space vector Av,, 5
results as

2
Av,p= 3 (Avyp g + alvyp s + a* Avyp 1)
2 wp
=—— (A A A .
3 2watwg ( VR12,§ T@AVR12. T +a 'UR12,R)
(6)
By multiplying this result by %, (6) results in
wp 1
Av, p = -
VB Qw4+ w Qng
= 2 Ayppe/ /Y ()
2wg +wp T

Consequently, the space vector Aw,, 5 is formed by scaling and
rotation of Avp,4 by 120°. Considering (7), mesh equation (4)
could be simplified to

wp WA

oy — —B 2A WA A
Vit = Vs 2wA+wBQ Vpio + Swa + wp VR12
2
wy — WA
= vy + (v —vy) (M) ®)

which allows the calculation of vy ;1 in dependence of the rec-
tifier input-voltage space vectors v; and v,.

With (8), the resulting space vector v ), ; for sector 1 at
the LIT input could also be graphically derived, as shown in
Fig. 6. In sector 2, the two rectifiers have again the same input
voltage and the space vector at the LIT input is equal to v ) ;-
Consequently, a new voltage space vector in each 30° wide
sector, which result in total of 12 discrete space vectors and/or
in a 12-pulse behavior of the passive system. The state where
both switches are turned off is designated by (00).

By turning both switches ON at the same time, i.e., apply-
ing state (11), the rectifier input voltages become zero, and
therewith, also the LIT input-voltage space vector vpyp (o)
shows zero magnitude (cf., Fig. 7). In this state, the voltage
between the nodes R, S’, and T" is zero, so that it could be used
for increasing the input current and/or for boosting the output
voltage.

B A Im
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YLmor) Yimio)

Yriroo)
a
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/ YLIT(01)

2
5V

Fig. 7. Space vectors that can be generated by the rectifier system.

Besides states (00) and (11), there are two further possible
switching states: (01) (.S; = OFF and .Sy = ON) and state (10),
where always only one switch is turned on, i.e., one rectifier
input voltage is zero. Based on (8), the resulting input-voltage
vector of the LIT vy g1y and vyrp(10), Which are rotated by
+15° (7 /12) with respect to vector vy ;p (00)> can be calculated
(cf., Fig. 7).

By applying proper selection of the relative on times Jg),
d(01)» 0(10)> and &1y of the switching states (00), (01), (10),
and (11), respectively, within a pulse period, any voltage space
vector in the gray-shaded areas shown in Fig. 7, defined by the
voltage space vectors, could be generated in time average over
a pulse period. There

1= 9d(00) + (01) + I(10) + I(11) )
and

< (10)

0< 5(1“1) <1

must be considered.

In a next step, the reference space vector vjp, which is
required for the sinusoidal input-current formation is derived
based on the equivalent circuits shown in Fig. 4(b) and (c).

For providing sinusoidal input currents, the two switches must
be controlled in a way, such that the local average of the voltage
across the boost inductors L;, , exhibits a sinusoidal shape. Con-
sidering Fig. 4(b), the current in the boost inductors is defined
by

v = L% =UN —UriT- (11)

As the mains’ star point N is not connected to the rectifier
dc output and/or load, the sum of the three mains currents is
always forced to zero > iy ; = 0. Therefore, the zero-sequence
component of the boost inductor voltage

1
vpo =7 (vp.r +vLs +vLT) (12)

3
does not influence the phase currents.
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Fig. 8. Calculation of input-current reference space vector 7}, .

For calculating the reference space vector vy ;p resulting in
sinusoidal input currents, the phase of the input-current space
vector i is required. Due to the ohmic fundamental behavior
of the three-phase rectifiers Rectifierl and Rectifier2 [29],
which is transferred by an ideal LIT to nodes R', S’, and T", the
reference vector i), for the input current must be aligned with
v} 7 (cf., Fig. 8). Thus, ¢ could be defined as follows:

iy = Iye'?! (13)
with
U
pr = arctan | ——=—=
2 _ 752
V VN —Ur
o *
resulting in a reference vector vy iy
* _ 1rx Jjer
vrrr = Vimre’” (14)
with
UV — W12 52«
Viir = Vy — 71 (15)

which must be generated in the time average over a switching
period Tp.

The tip of the reference vector vy ;1 describes a circle in the
a—f-plane (cf., Fig. 7) for sinusoidal mains voltages. Thus, only
states (00), (01), and (10) are used for the generation of vj ;.
Considering Fig. 8 and assuming zero-input current, v ; must
have the same amplitude as v, and the circle described by the
tip of v7 ;1 and/or vy must fitin the gray-shaded triangle defined
by states (00), (01), and (10). In order to fulfill this limitation,
the dc output voltage must be

3 ~
cos (m/12) W

in case of zero-input current. However, with zero or small input
current, the rectifier input currents are not continuous, so that
the rectifier diodes do not always conduct, and the rectifier input
space vector deviates from the vectors shown in Fig. 7. With
increasing input current, the conduction time of the rectifier
diodes increases, until always one of the two diodes in a bridge
leg of the rectifier is conducting, i.e., the space vectors shown
in Fig. 7 are given, and the input current could be controlled, as
described previously.

For increasing input current, the voltage vz, drop across the
input inductor increases and the length of vy decreases ac-
cording to (15). For the specifications given in Tables I and III,
the minimal output voltage is slightly below 490 V at nominal
output power and slightly above 560 V at zero-input current.

The ON-times if the three switching states can be calculated
with simple geometrical considerations and are a function of

Vae = (16)
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Fig. 9. Time behavior of the relative ON-times d(11), §(g1), and J(1¢) for
sector 0 and sector 1.

the angle 6; ;. of v} ;1 and are of the magnitude |v} ;1| = Vi
The resulting ON-times for sector O are

3V . e
5(01) =3 ‘ZLT (COS 01+ (2+\/§> sin GLIT) (17)
3V . .
d(10) = 5% (cos 0111 — (2+\/§) sin GLIT) . (18)
811y = 1 — 3L cos 6] 1. (19)

dc
Similar equations can be derived for the other sectors.

In spite of calculating the ON-times for each sector separately,
it is also possible to rotate the reference vector vy always
back to sector 0. There, the relative angles of vy ;1 to the sector
boundaries must be retained. Furthermore, it is important to note
thatin odd-numbered sectors, the switching vectors vy 17 (9q) and
VLT (10 are transposed, so that the relative ON-times also must
be transposed.

For a simpler implementation of the equations defining the
relative ON-times in a DSP, an approximation

_ VITIT 3 18 *
don =3~ g T 0 (20)
_ ‘7[TIT 3 18 *
d10) = Ve (2 - ‘9LIT> 20
d11) =1 —d(01) — (10 (22)

could be utilized. Time behavior of the relative ON-times is
shown in Fig. 9 for sectors 0 and 1. With (20), (21), and (21), it
is now possible to generate arbitrary space vectors at the input
of the LIT, which are located inside the triangle defined by the
tips of voltage space vectors vy, (o0)> Uit (01)> and Vpip(10)-
The reference for the space vector is determined by the current
controller and a feed-forward signal according to Fig. 10, which
is described in the following section.

III. CONTROLLER

Based on the space-vector modulation described in the pre-
vious section, in the following section, first the input current
controller, as shown in Fig. 10, is explained. Thereafter, an ex-
tension of the controller for limiting the zero-sequence current
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and limitations of the space-vector modulation for unbalanced
and/or distorted mains. Finally, a more detailed model of the
LIT also including parasitic elements is presented.

A. Input-Current Control

In the control structure, as shown in Fig. 10, a phase-locked-
loop (PLL) controller is used to determine the d-component,

i.e., the magnitude Vy and the phase angle Oy of the line
voltage Vi, while the g-component of Vy is regulated to zero.
With 6y, the d- and the g-components of the line current are
also calculated. These values are compared with their reference
values I, cos 0. p and I sin 0,.¢ p and the difference is fed
into the PI-controllers for the d- and the g-components of the
line current.

The reference value I5; is determined by an output-voltage
controller. Angle 0,.s r between the mains voltage vector vy
and the reference current vector iy is calculated using

wy LIy

(23)

Oref, p = arctan

which could be derived from Fig. 8. The feed-forward signals
Vi p €08 Oret p and vf1p psin Oep g for the d- and the g-
components are added to the controller output. The amplitude
vflT’F is given by
VT P = ”U‘]z\;ﬁd —wn LIy (24)
as can also be seen from Fig. 5. After the summation, the d-
and the g-components of the reference vector, i.e., UEIT’ 4 and
Vi1t 4> are defined and the amplitude [vf ;1| and the angle 0 1
of the reference vector of the LIT input voltage are calculated.
In the next step, the reference vector is rotated back to sector
0 by adding the mains phase angle § and subtracting Ny (7 /6)
from 0; ;. N, is the number of the current sector in which the
reference current is located. Neglecting numerical errors, the
result lies within the allowed region +15° (+7/12), which is

[ @

Basic structure of the controller for the 12-pulse rectifier system with sinusoidal input currents and output-voltage regulation.

determined by the sector boundaries. For coping with numeri-
cal/measurement errors, the angle is limited to £15°. Thereafter,
the angle is multiplied by 1 if the sector N; is even and by —1
if Ny is odd in order to obtain a triangular time behavior of the
reference angle, which starts at —15°, rises up to 15°, and then,
ramps down to —15° again instead of a sawtooth-like behavior,
which would step to —15° as soon as it reaches 15°. This time
behavior of the reference angle is required to obtain modulation
signals, as shown in Fig. 9, which can be calculated using (17),
(18), and (19).

B. Zero-Sequence-Current Control

In the 12-pulse rectifier system shown in Fig. 2(a), a circulat-
ing zero-sequence current is flowing via L4, L4 g, Rectifierl,
the output capacitor, and Recti fier2 [28], which is driven by the
voltage difference between Rectifierl and Rectifier2 due to
the 30° phase shift. Due to the phase shift, this current is intrinsic
for this kind of 12-pulse system and could not be reduced with-
out impairing the mains current quality. However, the amplitude
of the current could increase in case of unequal switching times,
asymmetries, and offsets. Therefore, an additional control loop
is implemented for limiting the zero-sequence current.

In order to show how such a control loop could limit the
zero-sequence current, in Table II, the zero voltages vy ; and
v of both rectifiers (cf., Fig. 4) and the resulting voltage dif-
ference between the two rectifiers Avg ;7 are given for the
two active switching states vy yp g1y and vy 7 ;). where always
one of the two switches is turned on and the other switch is
turned off. In this table, it could be seen that Av 111 is always
positive for vy yp(y) and always negative for vy ;). Con-
sequently, for decreasing, for example, a positive-circulating
zero-sequence current ig .12, which flows from Recti fierl via
the LIT to Recti fier2 and back via the output parallel connec-
tion, Avg v must be slightly negative in average. This means
that vy 1 (19) must be turned on slightly longer than vy, ;1 (gy) in
average.
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TABLE II
ZERO VOLTAGE OF Recti fierl, vg,1 AND Rectifier2, vy o, AS WELL AS
THE DIFFERENCE VOLTAGE Avg 1,17 (CE, FIG. 4) FOR THE SWITCHING STATES,
WHERE ALWAYS ONE OF THE SWITCHES IS TURNED ON AND THE
OTHER ONE IS TURNED OFF

YrLIT(01) YrLIT(10)
v0,1 v0,2 Avo, 1T 0,1 v0,2 Avo, 1T
T T T T
Sector 0 | -=Vpe | -3Vbe 3Vbe -3Voe | -5Vpc | —3Vbo
Sector 1 éVDC -sVbe F Vbce ‘%VDC '%VDC’ —3 Vbce
1 1 1 2
Sector 2 gVDC -5Vbe zVbe ‘EVDC gVDC —%Vbe
Sector 3 -%VDC -5Vbe 3Vpc ‘%VDC %VDC —3Vbc
Sector 4 'éVDC '%VDC zVpe '%VDC '%VDC *%VDC
In case both switches are turned on or both are turned of f Avg_uir = 0. Based on this table, the required action of the zero-current controller
could be derived. The voltages repeat periodically for the other sectors.
i Rectifer 1
Ry S Ty~
0
Fig. 11.  Controller for limiting the circulating zero-sequence currentin L 4 ,,

Lap .y, Rectifierl, and Rectifier2 [cf., Fig. 4(c)].

Such behavior could be, for example, achieved with the con-
troller shown in Fig. 11, where the zero-sequence current is
measured by subtracting the currents in the positive and nega-
tive rail of Recti fierl. The result is amplified, and then, added
to/subtracted from the relative ON-times of switching states
(01) and (10), implementing a P-type control. By controlling
the circulating current, the relative ON-times of the two active
switching states (01) and (10) is changed and deviates slightly
from the ideal ON-times for sinusoidal currents. In order not
to impair the THD of the mains current, the gain of the P-
controller has to be limited to low values. Due to the limited
number of degrees of freedom for the control of the consid-
ered system, this mutual influence of input phase current and
zero-sequence-current control cannot be avoided.

C. Unbalanced and/or Distorted Mains Voltage

Based on the described space-vector modulation and the con-
troller, a voltage at the input of the LIT could be generated, so
that purely sinusoidal mains current shape is guaranteed also in
case of distorted or unbalanced mains voltages. For example,
for an unbalance where the mains phase voltages have differ-
ent amplitudes, the tip of the mains voltage space vector v is
not any more describing a circle, but an ellipsoid, as shown in
Fig. 12(a). Consequently, the amplitude of the space vector as
well as the angular speed is varying over the one mains period
[see Fig. 12(b)].

Considering Fig. 8, the shift between vy and vy [y is only
determined by v} and for purely sinusoidal input currents, the
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Fig. 12.  (a) Trajectory of the mains voltage space vector for ideal balanced
sinusoidal mains voltages and for ££10% unbalanced mains voltages. (b) Am-
plitude of the space vector and phase difference between unbalanced and ideally
balanced space vector.

amplitude of v; must be constant and the space vector v; must
rotate with a constant angular speed defined by the mains fre-
quency. Thus, with a varying amplitude and angular speed of
vy, the amplitude and angular speed of v ;p must also vary
and v} ;1 is no more in phase with 7}, i.e., v] ;7 must oscillate
around 75 for a sinusoidal input current.

Assuming, for example, that the ideal current space vector
iy 1s in the middle of sector O, i.e., pointing in the direction
of the real axis (cf., Fig. 7), vector v; ;4 could slightly oscillate
around ¢}, since in sector 0, all vectors, which are located in
the gray-shaded area of sector O (cf., Fig. 7), can be generated
by the controller. However, when the input-current space vector
i approaches the boundary between sectors 0 and 1, v7 ; will
sooner or later cross the border and enter in sector 1 during
its oscillations, while 7% is still in sector 0. However, with i}
in sector 0, vectors in the gray-shaded area only, i.e., sector
0, can be generated, so that the required reference vector vy ;¢
in sector 1 could not be realized and a slight distortion of the
mains current occurs each time 7} is close to a sector boundary.
Due to the relatively large inductance of the input inductor
and the operation of the LIT, this limitation only results in a
relatively small distortion, as will be shown by measurements
in Section IV.

InFig. 13, the maximal phase difference between ¢, and v ;-
for unbalanced mains, where one phase is lower in amplitude
by 2%, another phase is higher by %, and the third phase is
left unchanged, is compared to the ideal value. There, it could
be seen that the maximal phase difference is relatively small for
amplitude differences up to a few percent, so that the distortion
due to this limitation is relatively small.

Similar conditions are given in case of mains voltages with
harmonics, which also results in a v, that has a varying ampli-
tude and angular speed. Consequently, in this case also, a small
distortion of the mains current occurs, when 7, is close to the
sector border. Again, the input inductor and the LIT limit these
distortions, as will be shown in Section IV.

D. Line Interface Transformer

In all the previous discussions, an ideal coupling of the
LIT has been assumed for deriving the equations. In practice,
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Fig. 13.  Maximal phase difference between iy and vy, for unbalanced
mains. There one phase-voltage amplitude is assumed to be lower by x%, one
phase-voltage amplitude is higher by =%, and the third phase is left unchanged
at the nominal value.

however, due to the leakage flux, the coupling coefficient of the
individual windings is always lower than one. Assuming three
identical LITs for the three phases, i.e., same coupling coeffi-
cients for all three LITs, the resulting leakage inductances can
be transferred to R’, S’, and T" (cf., Fig. 5), so that they act as
if they would be connected in series to the boost inductors. The
value of the resulting additional boost inductance L, ;44 is

Lyada =|La/LpLap (Kap aKap — KapB)

—2Lp\/Ls (KapKapp —Kap.a)

+Lap/LpLa(Kap —Kap aKap )
+Lap (La— KippLle — Kip aLa+ Lp)

4 LaLg (1 - KfLB)}/

Ly +2Kap aN/LaLap + LAB]

(25)

where K, are the coupling coefficients between two respective
inductors.

In case the coupling coefficients between the three inductors
of the phases of the LIT are not equal, the currents in the two
rectifiers become slightly unbalanced, but the additional induc-
tances seen at the ports R, S’, and T" are still equal for all three
phases. In case the three LITs are not identical, i.e., the coupling
coefficients of the three LITSs are different, the currents of the two
rectifiers are unbalanced and the additional inductances in the
three phases are not identical any more. Slightly different val-
ues of the inductors/coupling coefficients can be compensated
by the controller without impairing the line current quality, but
larger deviations will lead to a distorted mains current.

IV. MEASUREMENT RESULTS

In order to validate the presented closed-loop current-control
strategy, a 10-kW prototype system with a switching frequency
of 40 kHz was constructed. The main components are listed in
Table III. A photograph of the experimental system is shown in
Fig. 14.

TABLE III
COMPONENTS FOR 10-KW PROTOTYPE SYSTEM

Parameter
188 H
Core: S3U 48b / Trafoperm N2/0.1lmm

Component

Input Inductor

LIT wa +wp wy wp=29:21:8
Core: 2XSM65 / Trafoperm N2/0.1mm
L ap=5.2mH, L4=2.5mH, L5=0.35mH
Sensitec CMS4050, 50A
IXYS VUE75-12N0O7, 1200V, 75A

Infineon 2xTPW90R120C3, 900V, 36A

C2D20120D, 1200V, 31A, SiC

680uF, 2x400Vdc

TMS320F2808 DSP board

Current Sensors
Diode Bridge
IGBT
Output Diode

Output Capacitor

Controller

Fig. 14.
10 cm).

Photograph of the 10-kW hardware prototype (24 cm x 22 cm x

The prototype system comprises two PCBs with the input in-
ductors and the LIT mounted beneath on the chassis. The main
power PCB not only hosts the power circuit, but also an auxil-
iary power supply, a precharge circuit, and analog measurement
and level-shifting circuits for use by the DSP control board.
The control board based on a Texas Instruments TMS320F2808
fixed-point DSP running at 100 MHz implements the control
scheme, which is shown as a block diagram in Fig. 10, and is
mounted on top of the power PCB.

A. Closed-Loop Control

The closed-loop control strategy was tested to determine
its ability to directly control the input current. In Fig. 15,
the simulated input currents for symmetric mains voltages of
115 V,1,5/400 Hz, a load of 27 (2, an output voltage of 520
V, and a reference current of I;41 A, i.e., for approximately
10-kW output power are depicted. The resulting THD of the
input current is approximately 2.8% for the simulation, which
increases slightly in case the switching frequency is reduced.
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Fig. 15. Measured input currents for symmetric mains voltages and a switch-
ing frequency of 40 kHz at full load, i.e., 10 kW. (Scales: 20 A/div. and

0.5 ms/div.)
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Fig. 16. Measured input currents at full load for mains voltages containing
5% of fifth harmonic and a switching frequency of 40 kHz. (Scales: 20 A/div.
and 0.5 ms/div.)

Measurement results showing the behavior of the system dur-
ing transient operation can be found in [30] and are omitted here
for the sake of brevity.

B. Asymmetric Mains/Harmonic Rejection

The strength of the closed-loop current-control strategy lies
is ability to track a sinusoidal reference current despite varying
input-voltage space-vector amplitude and angular frequency. To
demonstrate this feature, a simulation was performed with the
input voltage containing 5% of the fifth harmonic. The resulting
input current THD was 3.1%. In case the harmonic content is
increases to 10% fifth harmonic, the THD increases to 4.7%. The
related measurement results are shown in Fig. 16, which also
show nearly sinusoidal mains currents. There, the distortions
due to the control limitations of vf; are relatively small, as
mentioned in Section III-C.

Also for unbalanced mains voltages, the closed-loop-
controlled 12-pulse rectifier draws sinusoidal input currents,
as shown in Fig. 17, where an unbalance of +5% of the mains
phase-voltage amplitudes is assumed. There, a THD of approx-
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Fig. 17. Measured input currents at full load and an amplitude unbalance of
+5%. (Scales: 20 A/div and 0.5 ms/div.)

imately 3% results. Again, the measurement results verify that
the controller is able to track a sinusoidal reference current.

V. CONCLUSION

This paper presents a novel current-control scheme for a hy-
brid 12-pulse rectifier employing an LIT. Starting from the basic
principle of operation, the space-vector modulation and closed-
loop control structure, which allows a direct control of the input-
current space vector, are derived. The practical implementation
of the control scheme has been explained, and experimental
results are presented to verify the theoretical considerations.

The closed-loop current-control scheme not only allows the
converter to draw a high-quality sinusoidal mains current, but
also provides controllability of the current magnitude and/or of
the output voltage. In a next step, a direct power control will be
implemented and the integration of the boost inductors in the
LIT will be investigated.
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